Introduction
The Tien Shan is a typical example of a mountain range that has resulted from intracontinental shortening of the lithosphere. It is a linear structure with a length of the order of 2500 km and a width of a few hundred km, extending from the Pamir to Mongolia. The geology of the Tien Shan has resulted from the collage of many continental blocks, island arcs and accretionary prisms, which evolved into a major collisional orogeny at the end of the Palaeozoic (Burtman, 1975; Allen et al., 1992) . The belt has been reactivated in the Cenozoic in response to the India-Asia collision (e.g. Chen et al., 1999; Sobel and Dumitru, 1997; Me´tivier and Gaudemer, 1998 ). The present shortening rate is 13-23 mm yr )1 across the Kyrgyz Tien Shan (Abdrakhmatov et al., 1996; Reigber et al., 2001) and slower -about 6-9 mm yr )1 -across the Chinese Tien Shan (Avouac et al., 1993; Molnar and Ghose, 2000; Reigber et al., 2001) . The eastward decrease in shortening rate also correlates with an eastward decrease in the magnitude of Cenozoic shortening, which is of the order of 200 km across the Kyrgyz Tien Shan compared to about 100 km across the Chinese Tien Shan (Avouac et al., 1993) . It has been proposed that deformation preferentially occurred beneath the Tien Shan because the lithosphere would have remained weak as a consequence of the Palaeozoic collision history of the range, compared to that beneath the Tarim basin or Junggar basin (Tapponnier and Molnar, 1979; Neil and Houseman, 1997) .
Several experiments have been conducted in the Kyrgyz Tien Shan (Abdrakhmatov et al., 1996; Vinnik and Saipbekova, 1984; Makayeva et al., 1992; Kosarev et al., 1993; Roecker et al., 1993) . A few geophysical studies have been performed on the deep structure of eastern Tien Shan (Burov et al., 1990; Cotton and Avouac, 1994; Li and Mooney, 1998; Lu et al., 2000; Zhao et al., 2001) .
Geological and tectonic setting
The Chinese Tien Shan consists of nearly parallel ranges with intervening intramontane basins (Fig. 1) . Two major thrust fault systems separate the range from the external foreland basins (Fig. 2) , the Junggar basin to the north and the Tarim basin to the south. Thus, the Chinese Tien Shan range appears as a symmetric crustal push-up resulting from the shortening between the two external basins (Avouac et al., 1993; Allen et al., 1999) . Most crustal deformation is localized on these two thrust fault zones that have produced earthquakes of M > 8 over the last century (Ni, 1978; Tapponnier and Molnar, 1979) .
Central Asia comprises several continental blocks, island arcs and arc accretionary complexes that were joined by the end of the Palaeozoic (e.g. Sengo¨r et al., 1993) . The Tien Shan typifies this complex collage (e.g., Burtman, 1975; Windley et al., 1990; Chen et al., 1999) . To the north of the Chinese Tien Shan, the Junggar basin is probably a small continental block with a Precambrian basement overlain by a thick Mesozoic to Cenozoic cover or, alternatively, a trapped Palaeozoic oceanic crust (Carroll et al., 1990) . It is bounded to the north-east and north-west by late Palaeozoic sutures (Feng et al., 1989) . The northern part of the Chinese Tien Shan encompasses an ancient island arc with Lower Carboniferous volcanic rocks and a Palaeozoic accretionary prism that indicate the former existence of a S-dipping subduction zone (Gao et al., 1998) . The North Tien Shan Island Arc was separated from a continental block with a Precambrian crystalline basement, the Yili Micro Continent (YMC) (Coleman, 1994) , by an ocean that must have subducted to the south at the end of the early Carboniferous. This major suture zone is hereafter called the B
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The Yili and Tarim blocks separated as a result of rifting in the late Cambrian-Ordovician (Chen et al., 1999) forming an ocean that subducted northwards in the Silurian beneath the southern margin of the Yili block. The ocean must have closed by the late Carboniferous-Early Permian as the northern passive margin of the Tarim collided with the southern active margin of the Yili block. Subsequent subduction of the Tarim continental crust and lithosphere-scale sinistral shearing generated a magmatic arc on the southern margin of the Tarim-Yili suture zone. The ductile mylonite of Central Tien Shan (formed 250 Ma) represents the final closure of the ocean. The South Tien Shan suture zone (STSZ) is marked by an ophiolitic melange and blueschists (early Carboniferous).
The collage in the Tien Shan area thus appears to have ended in the late Palaeozoic as the Tarim block collided with the other terranes lying to the north, leading to the probable disappearance of all the palaeo-oceans by the end of the early Carboniferous (Gao et al., 1998) . Mountain building in the present Tien Shan began in the Early Permian and was accompanied by volcanic eruptions and granitic intrusions. The collision also formed a Late Permian peripheral foreland basin and a foreland deformation belt on the northern flank of the Tarim continent. Subdued tectonic activity prevailed during the Mesozoic and early Cenozoic until active compression was reactivated as a late reponse to the India-Asia collision, about 20 Ma (Carroll et al., 1995; Sobel and Dumitru, 1997; Me´tivier and Gaudemer, 1998) .
Seismological Investigations
A portable seismic array was deployed between the cities of Karamai and Kuche in western China, along a road crossing the central Tien Shan 
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mountain ranges (see Fig. 1 ). In the northern piedmont, stations were spread farther apart from the main profile to study local earthquakes but the level of local seismicity was disappointingly low. About 50 seismic stations were used, mixing 1-Hz vertical geophones and both 2-Hz and a few 0.2-Hz three-component seismometers. The timing system was based on precise quartz-driven clocks and on comparisons of the clocks with GPS timing signals. The array was operated for about 4 months from August to November 1997. Teleseismic receiver function analysis is a technique measuring Moho depth from P to S converted phases (Langston, 1979; Ammon, 1991) . a small number of 0.2-Hz three-component seismometers were operated and simple P-waveforms were selected with high signal-to-noise ratios for hypocentres deeper than 40 km; 20 individual receiver functions were obtained for stations 09, 18, 30, 33, 39 and 43 . The receiver functions presented in Fig. 3 show a 1.5-s increase of the 1 P s -P time interval at stations 30, 33 and 39 compared to stations 09, 18, 43. Using a mean crustal P-velocity of 6.4 km s )1 and a Poisson ratio of 0.25, an increase of 1.5 s in P s -P delays corresponds to a thickening of the crust of 12-14 km in the centre of the Tien Shan mountain range compared to the Tarim and Junggar basins. From a refraction survey, Zhao et al. (2001) and Lu et al. (2000) inferred an increase of Moho depth of 11-13 km beneath the high elevation Tien Shan massifs compared to the adjacent basins. Thus, a crustal thickening of 12-13 km is likely in the centre of the profile.
A teleseismic inversion of P and PKP phases from distant earthquakes was performed; the geographical distribution of the earthquakes processed is shown on Fig. 4 . The arrival times of P and PKP were picked using a seismogram superposition technique. Then travel-time residuals for P and PKP waves were computed. Average station residuals cover a range of ± 0.5 s. The inversion of the dataset, which includes 1800 arrival times, was performed using the ACH technique (Aki et al., 1977; Evans and Achauer, 1992) . The eastern Tien Shan seems to be cylindrical from a geological and topographical point of view and, thus, it is suited for a 2D inversion. Because most rays come from the east (Fig. 4) , if there is a bias with respect to cylindrical symmetry, the inverted cross-section would correspond to the east of the profile. The starting model is given in Table 1 , with long narrow blocks perpendicular to the profile. After inversion, the improvement in variance is 63.8%, leaving a residual variance of 0.066 s 2 . A resolution that quantifies the quality of the velocity perturbation obtained in a block is presented in Fig. 5 . It shows 3 Plots of radial receiver functions at stations 09, 18, 30, 33 and 43. Black dashed lines indicate the P phase converted to S (P s ) at the moho interface. The delay P s -P is given on the left y-axis and is dependent on crustal thickness. On the right y-axis, the P s -P delay is converted into an approximate crustal thickness in km. The offset of the P s phases of the three central stations compared to the external stations is a clear indication of the thickening of the crust in central Tien Shan. 
that the tomogram is properly resolved; resolution is smaller near the edges but still good inside the lithosphere. The upper 200 km of the tomogram is better resolved than the lower part, which corresponds to the asthenosphere. Many different inversions were performed, changing the initial model, the sizes and positions of the blocks, but none significantly affected the tomogram obtained. Inversion of half the data also preserves the result, shown in Fig. 6 ; this figure gives the essential P-velo2;tures in the lithosphere beneath the profile.
Discussion of the results
Evidence for a lithospheric block structure probably inherited from the Palaeozoic collision and from the origin of blocks
The structure of the lithosphere is not uniform within the Tien Shan and its block structure can be related to already described geological terranes and their zones of weakness. The main feature resolved is a fast block beneath the central and northern Tien Shan, which coincides with the Yili microcontinent (YMC). This block has a lateral width of about 150 km and extends to a depth of the order of 100 km. It should be noticed that correcting P wave delay times for the thickness of the crust would actually increase the average velocity in the lithosphere and would enhance the velocity contrasts with neighbouring blocks. The fact that the lithosphere beneath central Tien Shan is faster than beneath the adjacent basins is thus a robust result. To the south, the Yili block is bordered by the South Tien Shan Suture Zone, which corresponds to a strong steeply deepening boundary in the present tomography. P-wave speeds in the lithosphere south of this boundary are low and correspond to the middle Palaeozoic ophiolite melange and accretionary complex that forms the late Cambrian-Ordovician passive margin at the northen edge of the Tarim (Chen et al., 1999) . Outside the Tien Shan, P-wave speeds in the lithosphere below the Junggar and Tarim basins are also high but the lithosphere is not as thick as below the Yili microcontinent. Fig. 4 Geographical distribution of the teleseismic events used in the inversion. The map is centred on the middle of the seismic array. The distribution of earthquakes is biased because most originate in the NE-SE azimuths. 
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Evidence for the subduction of a continental lithospheric block beneath the northern front of the Tien Shan
The fact that the lithosphere beneath the Tien Shan mountain range is not slow implies that it is cold and strong. The tomogram does not appear to be compatible with a model in which symmetrical subductions plunge towards the centre of the range or with an homogeneous thickening of the lithosphere in the centre of Tien Shan, as might be inferred from the symmetrical pop-up structures in surface. The P-velocity cross-section presented herein suggests that the lithosphere plunges outwards, away from the centre. The deep anomaly on the southern piedmont of the Tien Shan is in a less well-resolved part of the cross-section; it suggests a block that would have detached earlier from the lithosphere but is difficult to interpret. An interesting feature of the tomography used herein is that the highvelocity lithosphere beneath the Yili block dips northwards to a depth of more than 150 km beneath the northern front of the Tien Shan. From a magnetotelluric sounding, Zhao et al. (2001) find that the Boro Horo fault (corresponding here to the North Tien Suture Zone) dips down to 140 km and separates a thick, high-resistivity lithosphere beneath the Yili block from the thinner Junggar basin. Two hypotheses can be invoked: 1 A strip of very thick lithosphere may border the Northern Tien Shan, which could be of Precambrian age. Precambrian lithosphere is usually thick and fast; there is no geological argument for this.
2 The other possibility is that the Yili lithosphere is initiating a subduction because of the shortening in this region. This hypothesis is likely because the 100 km of crustal shortening required to account for the present crustal thickness has to be taken up somewhere in the mantle. In any case, the tomogram is more compatible with subduction near the edge of the Tien Shan range than with subduction in the centre and the northern edge seems to be an active shortening site.
In Fig. 7 , a simple interpretative model is presented that fits geological observations as well as the structure presented in Fig. 6 . The model is also Fig. 6 P-velocity vertical cross-section of the lithosphere and mantle across the Chinese Tien Shan on a profile from Karamai to Kuche obtained from a P-teleseismic tomography. P-velocity perturbations are inverted from teleseismic travel-time residuals of P and PKP waves. P-velocity perturbations are plotted in blue and green for fast velocities and in red and orange for slow velocities. Yellow corresponds to the absence of a velocity perturbation. Fast velocities correspond to a thicker lithosphere and slow velocity to a thinner lithosphere. Top: Schematic geological cross-section along the seismic profile. 
consistent with the overall structure of the range expected from a subduction driven orogen (Willett et al., 1993; Beaumont et al., 1996) . Indeed, as shown from the numerical simulations of Beaumont et al. (1996) and Willett et al. (1993) , a continental subduction promotes the development of a crustal-scale accretionary prism that is detached from the underthrusting lithosphere thanks to ductile flow in the lower crust beneath the high topography of the range. This wedge grows laterally away from the subduction zone by active thrusting along its edge. A crustal-scale thrust zone dips opposite to the subduction zone that merges at depth at the point where the two lithospheres meet (S in Fig. 7) . Thus, a one-sided subduction of a continental lithosphere might lead to a doubly vergent orogen similar to that of the Tien Shan. Therefore, it is proposed that the Tien Shan subcrustal lithosphere has subducted beneath the North Tien Shan Suture zone and does not thicken homogeneously towards the centre of the range. At the scale of the lithosphere, inherited structural features are observed and seem to play a role in the localization of the shortening.
